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缩略语 英文全称 中文全称 
CNT carbon nanotubes 碳纳米管 
MWCNT multi-walled carbon nanotubes 多壁碳纳米管 
SWCNT single walled carbon nanotubes 单壁碳纳米管 
UFPs ultrafine particles 超细颗粒物 
MTT methyl thiazolyl tetrazolium 四甲基噻唑蓝 
FBS fetal bovine serum 胎牛血清 
GSH glutathione 还原型谷胱甘肽 
GSSG glutathione disulfide 氧化型谷胱甘肽 
SOD super oxide dismutase 超氧化物歧化酶 
CAT catalase 触媒、过氧化氢酶 
ROS reactive oxygen species 活性氧 
HO-1 heme oxygenase-1 血红素加氧酶 1 







































能谱等对三种不同规格的多壁碳纳米管（外径 20~30 nm，长约 30 µm，
MWCNT20；外径<8 nm，长约 30 µm，MWCNT8；外径 20~30 nm，长 0.5~2 µm，
MWCNT20'）进行表征结果表明，三种规格的多壁碳纳米管管径较为均一，样品
中催化剂杂质含量低，各样品纯度均大于 98%。 
（2）利用 MTT 比色分析法探讨了 A549 细胞暴露于三种不同规格多壁碳纳
米管的剂量、时间—毒性效应关系；利用透射电子显微镜观察了细胞暴露于三种
不同规格的多壁碳纳米管中 24 h、48 h、72 h 时多壁碳纳米管在细胞内的分布情
况结果发现，A549细胞暴露于200 μg/mL的MWCNT20、MWCNT8和MWCNT20' 
24 h 时细胞活性依次为 87.12% ± 4.76%、85.92% ± 3.39%和 67.50% ± 1.63%；
当暴露时间延长至 72 h 时，200 μg/mL MWCNT20、MWCNT8 和 MWCNT20'处
理组 A549 细胞活性则依次下降到 45.58% ± 3.41%、55.65% ± 3.58%和 38.86% 
± 4.12%。透射电镜观察结果表明，A549 细胞暴露于多壁碳纳米管 24 h 时上述
三种多壁碳纳米管均进入到了细胞内，其中 MWCNT20'在细胞质和细胞核内均
















（3）以活性氧（reactive oxygen species, ROS）捕获剂 2′,7′-二氢二氯荧光黄
双乙酸钠为标记探针，利用流式细胞仪和激光共聚焦扫描显微镜检测 A549 细胞
暴露于 MWCNT20 后细胞内的荧光强度，间接检测细胞内 ROS 的水平结果发现，
A549 细胞暴露于 200 µg/mL MWCNT20 1 h，细胞内 ROS 水平即明显提高。通
过酶循环法检测胞内还原型谷胱甘肽 GSH 的含量发现，A549 细胞暴露于 200 
µg/mL 的 MWCNT20 6 h，细胞内 GSH 含量显著下降；暴露 12 h 时，与对照组
相比 A549 细胞内 GSH 含量下降超过 50%，提示多壁碳纳米管诱导 A549 细胞发
生氧化应激。 
（4）探讨了 A549 细胞暴露于 MWCNT20 后细胞内血红素加氧酶（heme 
oxygenase，HO）的酶活性变化和血红素加氧酶-1（HO-1）蛋白表达情况。酶活
性检测结果表明，A549 细胞暴露于 MWCNT20 后细胞内 HO 酶活性呈碳纳米管
剂量依赖性升高，在给定剂量范围内 MWCNT20 剂量越大，HO 酶活性越高；
Western blot 结果发现，HO-1 蛋白表达呈暴露时间依赖性增多。应用 HO-1 竞争
性抑制剂（锌原卟啉-9）和 HO-1 的催化产物（胆红素），考察了 HO-1 表达对
碳纳米管暴露后 A549 细胞的“适应性”保护作用。往培养基中添加锌原卟啉-9
进一步降低了 MWCNT20 引起的细胞活性并导致 ROS 聚积增加，而添加 50 


















With the development of nanotechnology, the negative bioeffects of 
nanomaterials have gradually become a new focus in the research fields following the 
research and exploitation. Carbon nanotubes (CNT), one of the most excellent 
nanomaterials, may spark an abundance of application in biomedicine field because of 
their startling features such as straightforward synthesis and easily modification. 
However, the toxicity and biocompatibility of CNT have not been thoroughly 
investigated. To date, the toxicology research of carbon nanotubes carried out on the 
cell and molecular level, mainly concentrates on the cytotoxicity and apoptosis, etc, 
which cause cell damage. As for the adaptive response study when cells expose to 
carbon nanotubes, has not been reported by now. Induction of heme oxygenase-1, one 
of the most important oxidation resistance enzymes, is considered as adaptive 
responses to various oxidative stresses. This thesis is aimed at the adaptive response 
to oxidative stress induced by multi-walled CNT (MWCNT). The main contents and 
results are as follows: 
(1) At first, three different samplesof purified MWCNT (MWCNT20 with 
OD=20-30 nm, length≈30 µm; MWCNT8 with OD<8 nm, length≈30 µm and 
MWCNT20' with OD=20-30 nm, length≈0.5-2 µm) were characterized by TEM, 
SEM, TGA and XPS analysis. The results revealed that the purity of all three samples 
were great than 98%, the CNT sizes were homogeneous and the catalyst (Fe and Co) 
that remained in the sample was in trace amounts. 
(2) Cytotoxicity of the three types of MWCNT was investigated by MTT assay 
using human lung A549 cells as a test model; the internalization and distribution of 
MWCNT in cells was observed by TEM after 24 h and 48 h exposure. The results 
showed that the cell viability decreased after A549 cells exposed to different MWCNT. 
After 24 h’s exposure, all of the three MWCNT samples internalized into A549 cells, 
















cells but MWCNT20 and MWCNT8 were just found distribution in cytoplasm. 
(3) The reactive oxygen species (ROS) levels in A549 cells labelled by DCFH2-DA 
were assayed by using the flow cytometry (FCM) and confocal laser scanning 
microscope (CLSM). The results revealed that intracellular ROS had a distinct 
increased after exposure with 200 µg/mL MWCNT20 for 1 h, and intracellular 
antioxidant glutathione (GSH) decreased obviously after exposued to 200 µg/mL 
MWCNT20 for 6 h, suggesting that the MWCNT20 exposure cause oxidative stress in 
A549 cells. 
(4) Heme oxygenase (HO) enzyme activity and HO-1 protein expression in A549 
cells was detected after MWCNT20 exposure. The results showed that HO enzymes 
activity acted in a dose-dependent manner and HO-1 protein expression in a 
time-dependent manner. We also used an HO competitive inhibitor (zinc 
protoporphyrin IX, ZnPP IX) and an end product of heme catabolism to verify 
whether HO-1 protects cells from MWCNT20 induced cytotoxicity. The results 
showed that co-treatment with MWCNT20 and ZnPP IX decreased cell viability and 
increase intracellular ROS accumulation compaird to MWCNT20 alone, but addition 
of bilirubin reversed these effects. 
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